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Well-defined poly(dimethylsiloxane)-b-poly(2,2,3,3,4,4,4-heptafluorobutylmethacryl-
ate-b-poly(styrene) (PDMS-b-PHFBMA-b-PS) triblock copolymers were prepared by
two-step reversible addition–fragmentation chain transfer (RAFT) polymerization. A
comprehensive mathematical model for the two-step RAFT polymerization in a batch
reactor was presented using the method of moments. The model described molecular
weight, monomer conversion and polydispersity index as a function of polymerization
time. Good agreements in the polymerization kinetics were achieved for fitting the
kinetic profiles with the suggested model. In addition, the model was used to predict
the effects of initiator concentration, chain transfer agent concentration and monomer
concentration on the two-step RAFT polymerization kinetics. The simulated results
showed that for the two-step RAFT polymerizations, the effects initiator concentration,
chain transfer agent concentration and monomer concentration are identical and the
influence degrees are different yet.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Poly(dimethylsiloxane, DMS)-b-poly(2,2,3,3,4,4,4-hep-
tafluorobutyl methacrylate, HFBMA)-b-poly(styrene, St)
(PDMS-b-PHFBMA-b-PS) combines the unique properties
of silicone polymers with those of fluorinated polymers
[1–3]. Incorporation of siloxane moieties and fluorinated
groups into synthetic materials/fluorosilicone polymers
opens a way to various industrial applications. The
comprehensive properties of these fluorosilicone (block)
polymers are excellent, including weather resistance, low
surface energy, chemical resistance, etc. [1–5]. On the other
hand, various fluorosilicone block copolymers have been
achieved mainly by living anionic polymerization [6–7]
and atom transfer radical polymerization (ATRP) [8–9].
No detailed research was done using the RAFT technique
to prepare the PDMS-b-PHFBMA-b-PS copolymers. Accord-. All rights reserved.
x: +86 592 2187231.ingly, it is desirable to develop a novel approach to directly
synthesize PDMS-b-PHFBMA-b-PS copolymers.
Recently, a series of PDMS-b-PHFBMA-b-PS triblock
copolymers were prepared by two-step reversible
addition–fragmentation chain transfer (RAFT) polymeriza-
tion in our group [10], namely, the RAFT polymerization of
HFBMA using a PDMS-macro RAFT agent and the RAFT
polymerization of St using PDMS-b-PHFBMA-macro RAFT
agent in succession. Our primary results showed that
PDMS-b-PHFBMA-b-PS triblock copolymers with well-
defined structures were successfully synthesized via the
two-step RAFT polymerization. The copolymer molecular
weights measured by 1H NMR and GPC are close to those
as predicted, and we can confirm that the two-step poly-
merization proceeded in a controlled manner. It provides
an applicable approach to the preparation of PDMS-
containing block copolymers using a PDMS-macro RAFT
agent with a xanthate group. However, the two-step RAFT
polymerization kinetics was not investigated [10]. In addi-
tion, the effects of polymerization conditions, such as initiator
concentration and feed composition, etc. on the two-step
Scheme 1. Synthetic scheme of the PDMS-b-PHFBMA-PS triblock copoly-
mers via two-step RAFT polymerization.
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practice, the polymerization kinetics is an important pro-
portion of polymerization engineering, which describes
the changes of polymerization activity and polymer prop-
erties dependent on polymerization time [11–12]. The
polymerization kinetics can be described using model
equations. Moreover, the kinetic model can be used to
predict the effects of polymerization conditions on the
polymerization kinetics [10].
Several papers [11–15] have been published concerning
the kinetic modeling of RAFT polymerization processes.
Although interest in the RAFT polymerization is great, there
appear to be no models reported in the open literature at
present to address the modeling of the two-step RAFT
process using a functional PDMS-macro RAFT agent to pre-
pare PDMS-b-PHFBMA-b-PS block copolymers. In addition,
no studies have been reported that consider the influence of
polymerization condition choice on the two-step RAFT
polymerization using a functional PDMS-macro RAFT
agent. This paper aims to develop the RAFT polymerization
kinetics and to use these model equations to predict the
effects of polymerization conditions, such as initiator con-
centration, chain transfer agent concentration and mono-
mer concentration, etc. on the polymerization kinetics.2. Experimental
The experimental section in this work is close to that
reported in our previous work [10]. Here, in order to keep
the study complete, the experimental section was still
described in brief.2.1. Syntheses of PDMS-b-PHFBMA-b-PS diblock copolymers
Syntheses of PDMS-b-PHFBMA-b-PS triblock copoly-
mers were described previously [10]. The PDMS-
b-PHFBMA-b-PS triblock copolymers were prepared by
two-step RAFT polymerization from dithioester group
end-capped PDMS (PDMS-macro RAFT agent, T1) (see
Scheme 1). As shown in Scheme 1, PDMS-macro RAFT
agent was prepared from bromine end-capped PDMS
(PDMS-Br) and PDMS-Br was obtained via the esterifica-
tion reaction of 2-bromoisobutyrylbromide with a com-
mercially available PDMS-OH. The polymerization of
HFBMA (M1) using AIBN (I) as initiator was used to prepare
the PDMS-b-PHFBMA diblock copolymers, which are used
as PDMS-b-PHFBMA-macro RAFT agent (T2) for the next
RAFT polymerization of St (M2). In addition, the second
step RAFT polymerization of St used AIBN (I) as initiator
and was used to prepare the PDMS-b-PHFBMA-b-PS
triblock copolymers.
As described above, AIBN was used as the initiator of
the typical RAFT polymerization of HFBMA or St. AIBN
and the RAFT agent were charged into a dry two-neck flask
along with a magnetic stirrer bar. Vacuum was then ap-
plied and the flask was flushed with nitrogen, which was
run for three times. Monomer (HFBMA or St) and toluene
were added to the flask using degassed syringes. The solu-
tion was flushed with nitrogen as described above, and was
heated to 60 C by an oil bath. Samples were taken period-ically with a syringe. The reaction was stopped after 5 h.
The reaction mixtures were diluted with THF, and precipi-
tated in methanol. The obtained polymer was rinsed with
methanol for several times and dried to constant weight
under vacuum at 50 C. Concerning the syntheses and
characterizations of PDMS-b-PHFBMA-b-PS triblock copoly-
mers, readers are encouraged to refer to our previous work
[10].
2.2. Measurements
The polymer conversion was recorded as a function of
time and the polymerization rate was calculated by further
differentiation. The monomer conversion was measured by
gravimetry via drying the samples to constant weight in
vacuum at 50 C. Besides, Fourier transform infrared (FTIR)
spectra were recorded from KBr pellets on a Nicolet Avatar
360 FTIR spectrophotometer. The polymers sampled were
measured by nuclear magnetic resonance (1H NMR) on a
Bruker AV400 NMR spectrometer in deuterated chloro-
form. The molecular weight (Mn) and molecular weight
distribution (Mw/Mn, PDI) of the polymers sampled were
determined at 40 C by gel permeation chromatography
GPC. GPC was carried out using tetrahydrofuran (THF) at
a flow rate of 1 ml/min, with a Waters 1515 isocratic HPLC
pump equipped with a Waters 2414 refractive index detec-
tor and three Waters Styragel HR columns (1  104,
1  103, and 500 Å pore sizes). Monodisperse polystyrene
standards were used for calibration.
3. Kinetic modeling of the two-step RAFT process
3.1. Polymerization scheme
As described in Scheme 1, the present polymeriza-
tion process to prepare PDMS-b-PHFBMA-b-PS triblock
2166 Y.-n. Zhou et al. / European Polymer Journal 46 (2010) 2164–2173copolymers composes of two steps of RAFT polymeriza-
tions, namely, the RAFT polymerization of HFBMA using
PDMS-macro RAFT agent and the next RAFT polymeriza-
tion of St using PDMS-b-PHFBMA-macro RAFT agent. Both
the two steps of polymerizations involve the RAFT reaction
in the presence of a macromolecular RAFT agent. Therefore,
the above two polymerization schemes are still similar to
those of the classical RAFT processes reported in Ref.
[16–20,21]. According to Refs. [16–20,21], the following
polymerization scheme is applied in this work:
I!f ;kd 2P0; ð1Þ
Pr þM!
kp













Pr _TPs þ Pt !
kct Prþsþt; ð6Þ
where, I is the initiator (AIBN), Pr _TPs is the intermediate
radical chain, TPr is the dormant chain, P

r is the propagat-
ing radical chain, M is the monomer (HFBMA or St) and Pr
is the dead chain. In addition, Eq. (1) is the chain initiation
with kd as the rate constant and with f as the initiator effi-
ciency due to cage effect. The factor 2 in Eq. (1) accounts
for the fact that one initiator molecule normally generates
two radicals. Eq. (2) is the chain propagation with kp as the
chain propagation rate constant. The subscript r represents
the number of monomeric units that have been incorpo-
rated into the chain. In addition, one can know that the
value of the rate constant for above each step is indepen-
dent on the chain length. Eq. (3) is the addition and frag-
mentation reactions. T represents the chain-transfer-agent
unit; ka and kf are the addition and fragmentation rate con-
stants, respectively. Eqs. (4)–(6) are the bimolecular radical
termination by disproportionation (ktd), combination (ktc)
and cross-combination (kct).
3.2. Defining chain moments and deriving moment equations
We use the method of moments [14,20–21]. There are
four types of chain species involved in the RAFT system:




























On the other hand, for the species including the four
types of chain species, the initiator and the monomer
involved in the RAFT system, the following mass balance
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Based on the method of moments and Eqs. (1)–(17)




¼ R1 þ kf YT0  kaY0Q
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 ktcY0Y1  kctY1YT0; ð22Þ
dYT1
dt
¼ kaY1Q T0 þ kaY0Q
T





Fig. 1. Comparison between experimental and simulated data of mono-
mer conversion versus polymerization time for the RAFT polymerization
of HFBMA. (Experimental data 1 stands for the RAFT polymerization with
molar ratio of each component of [M1]/[T1]/[I] = 50:1:1; Experimental
data 2 stands for the RAFT polymerization with molar ratio of each
component of [M1]/[T1]/[I] = 30:1:1).
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In addition, the number-average chain lengths (rN;tot , Mn),
weight-average chain lengths (rW;tot , Mw) and polydispersity
index (PDI) for the total chain population can be described
as follows [19–21]:
rN;tot ¼
Y1 þ YT1 þ Q1 þ Q
T
1





Y2 þ YT2 þ Q 2 þ Q
T
2




PDI ¼ rW ;tot
rN;tot
: ð33Þ
Corresponding initial conditions are described via the
following equations:
YT0 ¼ 0; ð34Þ
Q T0 ¼ ½CTA0; ð35Þ
Q 0 ¼ 0; ð36Þ
Y1 ¼ 0; ð37Þ
YT1 ¼ 0; ð38Þ
Q T1 ¼ 0; ð39Þ
Q 1 ¼ 0; ð40Þ
Y2 ¼ 0; ð41Þ
YT2 ¼ 0; ð42Þ
Q T2 ¼ 0; ð43ÞQ 2 ¼ 0; ð44Þ
YT2;0 ¼ 0; ð45Þ
½I ¼ ½I0; ð46Þ
½M ¼ ½M0; ð47Þ
The model, i.e., Eqs. (12)–(47), consists of a set of stiff,
ordinary differential equations for the RAFT process of
HFBMA or St. The ODE23S-function provided in Matlab
6.5 software is used to solve the ordinary differential
equations.
4. Results and discussion
4.1. Kinetic constant estimation and model verification
As to the two steps of polymerization, many kinetic
experiments at different polymerization conditions, includ-
ing initiator concentration, chain transfer agent concentra-
tion, monomer concentration, etc., are accomplished [22].
Corresponding experimental data are obtained. However,
the kinetic constant estimation results obtained by fitting
the experimental data with Eqs. (12)–(47) according to
least-square method are similar. In addition, we also find
that the errors between the fitting data obtained via Eqs.
(12)–(47) and the experimental data are almost equal. Cor-
responding correlation coefficients for the experimental
data are also almost equal (>0.98). Here, four of the repre-
sentative sets of the results are shown in Figs. 1–4 due to
limited space. The obtained model parameters are shown
in Table 1.
Figs. 1–4 illustrate that the comparisons between the
experimental data and the simulated results during the
two RAFT polymerizations at two feed compositions. The
simulated results meet experimental data well. The corre-
lation coefficients of Eqs. (12)–(47) for corresponding
Fig. 2. Comparison between experimental and simulated data of Mn
versus monomer conversion for the RAFT polymerization of HFBMA.
(Polymerization conditions same as Fig. 1).
Fig. 3. Comparison between experimental and simulated data of mono-
mer conversion versus polymerization time for the RAFT polymerization
of St. (Experimental data 1 stands for the RAFT polymerization with molar
ratio of each component of [M2]/[T2]/[I] = 100:1:1; Experimental data 2
stands for the RAFT polymerization with molar ratio of each component
of [M2]/[T2]/[I] = 200:1:1).
Fig. 4. Comparison between experimental and simulated data of Mn
versus monomer conversion for the RAFT polymerization of St. (Poly-
merization conditions same as Fig. 3).
Table 1







kd/s 1.12  105 1.00  105
kp/(L/(mol s)) 5.21  103 5.02  103
ka/(L/(mol s)) 0.92  107 1.00  107
kf/s 5.00  104 5.00  104
ktd/(L/(mol s)) 1.03  108 1.01  108
ktc/(L/(mols)) 0.98  108 1.00  108
kct/(L/(mols)) 1.12  108 1.00  108
Fig. 5. The simulated monomer conversion versus polymerization time at
different initiator concentrations for the RAFT polymerization of HFBMA.
2168 Y.-n. Zhou et al. / European Polymer Journal 46 (2010) 2164–2173experimental data all exceed 0.98. The above results
indicate that the kinetic model provide a reasonable fit of
the experiment data.
When the model was testified, it was used to investi-
gate the effects of initiator concentration, chain transfer
agent concentration and monomer concentration, etc. on
the RAFT polymerization kinetics. In this work, as
described in Scheme 1, the model was used to the RAFT
polymerizations of HFBMA and St, respectively.4.2. Model application in the RAFT polymerization of HFBMA
4.2.1. The effects of initiator concentration
Figs. 5–7 describe the simulated effects of initiator con-
centration on the polymerization kinetics. From Figs. 5 and6, one can know that the monomer conversion increases
and the number-average molecular weight of polymers
keeps unchanged basically with the increase of initiator
concentration, which is consistent with that described by
Eqs. (1)–(6). Eqs. (1, 2) show that the increase of initiator
Fig. 6. The simulated Mn versus monomer conversion at different
initiator concentrations for the RAFT polymerization of HFBMA.
Fig. 7. The simulated PDI versus polymerization time at different initiator
concentrations for the RAFT polymerization of HFBMA.
Fig. 8. The simulated monomer conversion versus polymerization time at
different chain transfer agent concentrations for the RAFT polymerization
of HFBMA.
Fig. 9. The simulated Mn versus monomer conversion at different chain
transfer agent concentrations for the RAFT polymerization of HFBMA.
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ing and number-average molecular weight of polymers.
However, the increase of initiator concentration also leads
to the increase of occurrence probabilities of the chain
deactivation as described in Eqs. (4)–(6), which leads to
the decrease of number-average molecular weight of poly-
mers. Combined effects of Eqs. (1)–(6) leads to the nearly
constant change of number-average molecular weight of
polymers. Furthermore, with the increase of initiator
concentration, the polydispersity index decreases in the
early period of polymerization (t 6 2 103s) and increases
since then (t 6 2 103s) as shown in Fig. 7.
On the other hand, one can also obtain some messages
regarding the RAFT polymerization kinetics via any one
curve including in Figs. 5–7. For instance, Fig. 5 shows that
the monomer conversion increases with the polymeriza-
tion proceeding at constant polymerization condition.
The linearity of Fig. 6 and the narrow molecular weightdistributions (PDI < 1.2) at t P 2 103 of Fig. 7 strongly
imply that the polymerization of HFBMA proceeds in a
living controlled/living manner, which can also obtained
in the following simulated results.
4.2.2. The effects of chain transfer agent concentration
The chain transfer agent plays a key role in the RAFT
polymerization. In addition, as described in Sections 2
and 3, different from ordinary RAFT processes, the RAFT
process of HFBMA reported in this work uses the PDMS-
macro RAFT agent as a RAFT agent. Here, the effect of
PDMS-macro RAFT agent concentration on the polymeriza-
tion kinetics is simulated via the above model. Correspond-
ing simulated results are illustrated in Figs. 8–10.
Fig. 8 shows that the monomer conversion increases
with the polymerization proceeding at constant polymeri-
zation condition. In addition, Fig. 8 also shows that the
monomer conversion decreases with the increase of chain
transfer agent concentration. From Fig. 9, one can observe
Fig. 11. The simulated monomer conversion versus polymerization time
at different monomer concentrations for the RAFT polymerization of
HFBMA.
Fig. 12. The simulated Mn versus monomer conversion at different
monomer concentrations for the RAFT polymerization of HFBMA.
Fig. 10. The simulated PDI versus polymerization time at different chain
transfer agent concentrations for the RAFT polymerization of HFBMA.
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polymers decreases with the increase of chain transfer
agent concentration. However, Fig. 9 also shows that the
linearity of kinetic curve decreases with the decrease of
chain transfer agent concentration, which proves that the
chain transfer agent concentration has important influence
on the living ability of the RAFT polymerization. Further-
more, It can be seen from Fig. 10 that the polydispersity
index increases in the early period of polymerization
(t 6 7 103) and decreases since then with the increase
of chain transfer agent concentration. The above simulated
results are similar to those obtained by Wang and Zhu [21].
In addition, Wang and Zhu also explained the results based
on Eqs. (1)–(6). Therefore, here, we do not discuss the
above results.
4.2.3. The effect of monomer concentration
In the present study, the effect of monomer concentra-
tion on the polymerization kinetics is also simulated viaFig. 13. The simulated PDI versus polymerization time at different
monomer concentrations for the RAFT polymerization of HFBMA.
Fig. 14. The simulated monomer conversion versus polymerization time
at different initiator concentrations for the RAFT polymerization of St.
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Figs. 11–13.
Fig. 11 shows that the monomer conversion keeps
unchanged basically with the increase of monomer con-
centration. As described in Fig. 12, at the same monomer
conversion, the number-average molecular weight of poly-
mers increases with the increase of the monomer concen-
tration. Furthermore, it can be seen from Fig. 13 that with
the increase of initiator concentration, the polydispersity
index first increases and then decreases. However, the
whole change is low. In practice, the above results can be
described via Eqs. (1)–(6).4.3. Model application in the RAFT polymerization of St
4.3.1. The effects of initiator concentration
Figs. 14–16 describe the simulated effects of initiator
concentration on the polymerization kinetics for the RAFTFig. 15. The simulated Mn versus monomer conversion at different
initiator concentrations for the RAFT polymerization of St.
Fig. 16. The simulated PDI versus polymerization time at different
initiator concentrations for the RAFT polymerization of St.polymerization system of St. The same results as those
obtained from Figs. 5–7 based on the RAFT polymerization
of HFBMA can be observed from Figs. 14–16. In practice, for
the RAFT polymerizations of HFBMA and St, their mecha-
nisms described in Eqs. (1)–(6) are the same. Correspond-
ingly, their rate constants described in Table 1 obtained
by least-square method are the same. Therefore, the effects
of initiator concentration on the two polymerization
system are the same although the chain transfer agents
used in the two systems are different.4.3.2. The effects of chain transfer agent concentration
As described earlier, for the RAFT polymerizations of
HFBMA and St, their chain transfer agents are PDMS-macro
RAFT agent and PDMS-b-PHFBMA-macro RAFT agent,
respectively. In addition, the effects of PDMS-macro RAFT
agent on the RAFT polymerization of HFBMA are simulatedFig. 17. The simulated monomer conversion versus polymerization time
at different chain transfer agent concentrations for the RAFT polymeri-
zation of St.
Fig. 18. The simulated Mn versus monomer conversion at different chain
transfer agent concentrations for the RAFT polymerization of St.
2172 Y.-n. Zhou et al. / European Polymer Journal 46 (2010) 2164–2173and shown in Figs. 8–10. Here, the effects of PDMS-
b-PHFBMA-macro RAFT agent on the RAFT polymerization
of St are simulated via the above model. Figs. 17–19
describe the simulated effects of chain transfer agent con-
centration on the polymerization kinetics for the RAFT
polymerization system of St.
Comparing Figs. 17–19 with Figs. 8–10, one can know
that the effects of the two chain transfer agents are similar
and their influence degrees are different yet. Here, the
effect of the chain transfer agent on the polydispersity
index is emphasized. It can be seen from Fig. 19 that the
polydispersity index increases in the early period of poly-
merization (t 6 5 103) and decreases since then with
the increase of chain transfer agent concentration. How-
ever, Fig. 10 shows that the polydispersity index increases
in the early period of polymerization (t 6 7 103) and
decreases since then with the increase of chain transfer
agent concentration. Namely, at the same concentration
of chain transfer agent concentration, the change ofFig. 19. The simulated PDI versus polymerization time at different chain
transfer agent concentrations for the RAFT polymerization of St.
Fig. 20. The simulated monomer conversion versus polymerization time
at different monomer concentrations for the RAFT polymerization of St.polydispersity index comes at a faster rate for the RAFT
polymerization of St than that of HFBMA.4.3.3. The Effect of monomer concentration
Figs. 20–22 describe the simulated effects of monomer
concentration on the polymerization kinetics for the RAFT
polymerization system of St. The same results as those
obtained from Figs. 11–13 based on the RAFT polymeriza-
tion of HFBMA can be observed from Figs. 20–22. As de-
scribed in Section 4.3.3, for the RAFT polymerizations of
HFBMA and St, both their mechanisms described in Eqs.
(1)–(6) and rate constants described in Table 1 obtained
by least-square method are identical. Therefore, the effects
of monomer concentration on the two polymerization
system are identical although the chain transfer agents
used in the two systems are different. In addition, we also
point out that the influence degrees of the two monomers
are different.Fig. 21. The simulated Mn versus monomer conversion at different
monomer concentrations for the RAFT polymerization of St.
Fig. 22. The simulated PDI versus polymerization time at different
monomer concentrations for the RAFT polymerization of St.
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The PDMS-b-PHFBMA-b-PS triblock copolymers were
prepared by two-step RAFT polymerization in a batch reac-
tor. A comprehensive mathematical model for the two-
step RAFT polymerization was presented using the method
of moments. Good agreements in the polymerization
kinetics were achieved for fitting the kinetic profiles with
the suggested model. In addition, the model was used to
predict the effects of initiator concentration, chain transfer
agent concentration and monomer concentration on the
two-step RAFT polymerization kinetics.
The simulated results showed that for the two-step
RAFT polymerizations, the effects initiator concentration,
chain transfer agent concentration and monomer concen-
tration are identical and the influence degrees are differ-
ent. The simulated results showed that the monomer
conversion increases and the number-average molecular
weight of polymers keeps unchanged basically, the poly-
dispersity index first decreases and then increases with
the increase of initiator concentration for the two-step
RAFT polymerizations. The simulated results also showed
that the monomer conversion and the number-average
molecular weight of polymers are both decrease and the
polydispersity index first increases and then decreases
with the increase of chain transfer agent concentration
for the two-step RAFT polymerizations. Finally, the simu-
lated results proved that the monomer conversion keeps
unchanged basically and the number-average molecular
weight of polymers increases, the polydispersity index first
increases and then decreases with the increase of the
monomer concentration for the two-step RAFT polymer-
izations. More detailed results are shown in Sections 4.2
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